Between A.D. 900 and 1150, more than 200,000 conifer trees were used to build the prehistoric great houses of Chaco Canyon, New Mexico, in what is now a treeless landscape. More than one-fifth of these timbers were spruce (Picea) or fir (Abies) that were hand-carried from isolated mountaintops 75-100 km away. Because strontium from local dust, water, and underlying bedrock is incorporated by trees, specific logging sites can be identified by comparing 87 
N ear the middle of the desolate San Juan Basin in northwestern New Mexico, Chaco Canyon was the focus of a spectacular florescence of the Anasazi cultural tradition. Between A.D. 900 and 1150, the Chaco Anasazi developed a complex culture characterized by monumental architecture, advanced agricultural and water control systems, and elaborate road, trail, and signaling networks that integrated numerous communities into a regional exchange, communication, and resource procurement system (1). This regional system was in full swing in the 11th century, but collapsed during a regional drought that lasted from A.D. 1130 to 1180 (2) .
Twelve great houses-multistoried masonry pueblos of several hundred rooms each-occupy the Chaco Canyon core of the regional system. A single great house incorporated millions of sandstone fragments from surrounding cliffs and thousands of wood timbers used as primary and secondary roof beams and door and window lintels (3) . More than 200,000 timbers, the primary beams averaging 5 m in length, 22 cm in diameter, and 275 kg in weight, were used in the great houses. Most of this lumber was acquired in predetermined lengths and diameters and came from trees that had to be felled, processed, and hauled from distant and widely separated mountaintops. Potential source areas include the La Plata-San Juan, San PedroNacimiento, San Mateo (Mount Taylor), and Chuska mountains (Fig. 1) . The absence of appreciable gaps in the sequence of cutting dates indicates that tree felling was virtually an annual activity. Continual repairs and piecemeal additions were interrupted by flurries in large-scale construction (4) (5) (6) .
Tree species available for construction were, in order of increasing distance from the canyon, cottonwood (Populus acuminata, P. angustifolia) along Chaco Wash, pinyon pine (Pinus edulis) and juniper (Juniperus monosperma) in nearby scarp woodlands, isolated stands of Douglas fir (Pseudotsuga menziesii) in shady alcoves, ponderosa pine (Pinus ponderosa) on high mesas and the lower slopes of mountains, and spruce (Picea engelmannii, P. pungens), fir (Abies lasiocarpa, A. concolor) and aspen (Populus tremuloides) on mountaintops more than 75 km away. Empirical evidence (7) and modeling (8) indicate that by A.D. 1000 construction and fuel wood harvesting had eradicated local pinyon-juniper woodlands. These woodlands have yet to recover. After A.D. 1000 the Anasazi relied increasingly on conifers from the surrounding mountains (2, 4) . It has been speculated that logging of distant forests for architectural timber had serious ecological consequences, but the emphasis on trees of a limited size range must have produced impacts more comparable to thinning than clear cutting (9) . The distance and direction of these montane forests from the canyon is a measure of the energy expended to harvest and move the timbers, of the organization, ability, and determination of the Chaco Anasazi to build monumental architecture, and of economic, political and social relationships across the San Juan Basin.
Background
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. of Chacoan timbers. The underlying philosophy is that trees uptake chemical elements from local soils and atmospheric dust and incorporate them into wood. Ideally, the diagnostic chemical parameter should be: (i) unaffected by differential elemental uptake, translocation, or isotopic fractionation in different tree species, (ii) homogeneous in soils and trees of each potential source area (varies little in time or space), and (iii) measurably and statistically different between trees of potential source areas. Provided that these conditions are met, further uncertainties could arise from the geographic scope of the sampling universe. For example, only one match may occur at close range between a potential source area and archeological materials of unknown source, but multiple matches may be possible at increasingly greater distances. In the case of numerous heavy logs, the energetic cost of moving the timber is proportional to both the distance and roughness of the intervening terrain.
Despite recent advances in geochemical provenance methods, there have been few efforts to establish the source of Chacoan timbers. Durand et al. (10) used inductively coupled plasma-atomic emission spectrometry to determine the major and trace element chemistry of 62 living ponderosa pine and Douglas fir trees growing on sandstone, basalt, and shale at various sites across the San Juan Basin. They found considerable variations between sapwood and heartwood of ponderosa pine and Douglas fir (see also ref. 11), with the best discriminant of lithology being barium. Durand et al. also analyzed 13 beams (species not specified) dated to A.D. 919 from room 320 in Pueblo Bonito and to A.D. 1040-1051 from multiple rooms in Chetro Ketl, the two more prominent great houses at Chaco Canyon. For 11 of the 12 elements analyzed, greater variation was observed in the wood from Pueblo Bonito than from Chetro Ketl. No attempt was made to infer actual beam sources.
Here, we try to improve on the Durand et al. (10) study by focusing on spruce and fir and relying on strontium isotopes to determine the source of the Chacoan beams. Although ponderosa pine makes up Ϸ50% of the architectural timber and is thus of primary interest, its distribution spans a wide range of elevations and substrates with many overlapping chemical signatures. On the other hand, spruce and fir comprise only Ϸ20% (40,000 trees) of the architectural wood, but are far more restricted geographically (9) . Spruce and fir have not grown near the canyon since the end of the Pleistocene, when Holocene aridity drove these conifers to mountaintops more than 75 km and 600 m up slope from Chaco Canyon (7) . Each of these mountaintops has a distinct surficial geology, spanning Precambrian granite to Tertiary sandstones and basalts. We chose 87 Sr͞ 86 Sr ratios as a provenance method because they are specific to both the composition and age of the bedrock and are unaffected by biologically induced mass fractionation or translocation.
The geochemistry of strontium isotopes is relatively well known (12) , and 87 Sr͞ 86 Sr ratios have been used routinely as environmental tracers in geology (13, 14) , hydrology (15) , ecology (16, 17) , and archaeology (18) . 87 Sr ratios, suggesting that the bioavailable strontium is isotopically homogenized by atmospheric deposition across a given stand, and that biological cycling is rapid relative to the rates of strontium input into the ecosystem. The 87 Sr͞ 86 Sr ratios in the biomass were the same as in the soil solution. 87 Sr͞ 86 Sr ratios were unaffected by isotopic fractionation during mineral dissolution, absorption by tree roots, and translocation throughout the tree. About 20% of the bioavailable strontium was found to be derived from bedrock and 80% from atmospherically transported dust. Individual trees cycle about one-third of the Sr in the throughfall (bulk precipitation collected under the canopy), whereas the other two-thirds is airborne dust leached from the foliage. Geographic variations in bioavailable strontium could be more a function of local and regional atmospheric dust than of local bedrock. The scale of geographic variability in 87 Sr͞ 86 Sr ratios of atmospheric dust is poorly known, but the few data from the southwestern U.S. seem to indicate significant variations on a scale of 200-300 km, and possibly finer (19) .
Materials and Methods
We compared the 87 Sr͞ 86 Sr ratios of bedrock, soil, and stream water, and spruce and fir growing at possible logging sites in the San Juan Basin to those of select timbers from at least three human generations at six of the great houses in Chaco Canyon. Live trees, rocks, stream, and soil waters were sampled from the three most accessible localities for prehistoric logging of spruce fir stands, the San Pedro Mountains Ͼ85 km to the east, the San Mateo Mountains Ͼ80 km to the south, and the Chuska Mountains Ͼ75 km to the west (Fig. 1) . We excluded the La Plata-San Juan Mountains because these spruce fir forests were most distant (Ͼ150 km to the north) and least accessible, requiring transport across deep canyons and flowing rivers (for additional reasons, see ref. 4 ). Nevertheless, we recognize that extensive spruce fir stands in the La Plata-San Juan Mountains could very well provide an isotopic match for Chacoan beams at twice the distance of the other mountain ranges, and future analyses could resolve this issue.
Cores were extracted from trees of six species growing at various elevations and in a variety of settings separated by Ϸ10 km in the San Pedro Mountains, Ϸ5 km in the San Mateo Mountains, and Ϸ25 km in the Chuska Mountains (Fig. 1) . We collected Ͼ200 tree, rock, and water samples for 87 Sr͞ 86 Sr analyses. Modern tree samples were collected in March, 2000 and May, 2001 by using a 1͞4-inch increment borer (lubricants were not used). We sampled Engelmann spruce, subalpine fir (A. lasiocarpa var. lasiocarpa), and white fir (A. concolor) in the San Pedro Mountains, Engelmann spruce, blue spruce (P. pungens), subalpine fir and corkbark fir (A. lasiocarpa var. arizonica) in the San Mateo Mountains, and Engelmann spruce, subalpine fir and Douglas fir in the Chuska Mountains. Rock and water samples were from streams and outcrops adjacent to modern trees.
Dated architectural wood (both cross sections and cores) from six of the 12 Chaco Canyon great houses was obtained from the collections of the Laboratory of Tree-Ring Research (LTRR) at the University of Arizona, Tucson. We analyzed 52 spruce and fir beams from Pueblo Bonito (n ϭ 19), Chetro Ketl (n ϭ 15), Pueblo del Arroyo (n ϭ 12), Wijiji (n ϭ 1), Hungo Pavi (n ϭ 2), and Una Vida (n ϭ 3). The cutting dates of the trees were determined by crossdating; because of possible stockpiling and reuse, the cutting date does not necessarily imply the year that the tree was used in construction. Replicate samples with cutting dates falling between A.D. 974 and 1104 were selected from the same rooms and from different rooms. We tried to span at least three human generations (T ϭ 30 years) at each great house. We chose dated beams labeled ''spruce͞fir'' from the LTRR archive for Chaco Canyon and anatomically segregated spruce (Picea) from fir (Abies) by using the presence or absence of lateral resin ducts; identification to species or variety may be possible but was not attempted in this study. Fir (n ϭ 37) was more than twice as abundant as spruce (n ϭ 15) in our sample. There was no intentional species bias in sample selection, except the availability of an exact cutting date for each sample; in general, spruce is no more difficult to crossdate than fir. Given the small sample size, we can draw no conclusions about species occurrence in the architectural timbers.
Both modern and ancient trees were processed similarly. We sampled the innermost (earliest) rings of sections and cores from both modern and prehistoric tree samples. We shaved and discarded 1-2 mm from the surfaces of all samples to avoid contamination through diagenesis, processing, or storage. After cleaning, 40-70 mg of wood was removed from the cleaned area and placed in a Vicor tube cleaned with 6 M HCl (all acids were doubly distilled) and rinsed with 18 M⍀ water. The tubes were vacuumsealed and baked for 1 h at 500°C. These were cracked and baked for another 5 h at 900°C to volatilize any carbon. The remaining ash Abies concolor ϭ white fir; Abies lasiocarpa ϭ subalpine fir; Picea engelmannii ϭ Engelmann spruce; Picea pungens ϭ blue spruce; Pseudotsuga menziesii ϭ Douglas fir.
was placed in a clean Teflon beaker and dissolved in Ϸ3 ml of 2.5 M HCl. We rinsed each tube three times with 2.5 M HCl and added sample tube rinse to beaker. Samples were evaporated and reconstituted twice with 3.5 M HNO 3 . Strontium from wood, water, and rock digests was separated with Eichrom Sr-specific resin, and Sr ratio data. Probabilities were determined by using ANOVA and linear statistics means contrast tests. All data are reported with standard error.
Results

Modern tree 87 Sr͞ 86
Sr ratios are distinct for the San Pedro, San Mateo, and Chuska mountains ( Table 1 Sr ratios of trees differ substantially between the three mountain ranges (Fig. 2) and can be used to determine the source of prehistoric spruce and fir timbers in Chaco Canyon. In general, 87 Sr͞ 86 Sr ratios from the great house timbers (Table 2) fall within the range of ratios found in live trees from the San Mateo and Chuska mountains (ANOVA, P ϭ 0.11) (Fig. 3) . None of the architectural beams fall within the isotopic range of the San Pedro Mountains (ANOVA, P Ͻ 0.0001), which are thus eliminated as a possible timber source. Twice as many beams fall in the isotopic range of living trees in the Chuska than in the San Mateo Mountains. The only preference by site is the greater proportion of beams from the Chuska Mountains at Pueblo del Arroyo. There is no obvious temporal preference in the use of timber from one mountain range over the other. Both the Chuskas and San Mateo mountains were being logged simultaneously as early as A.D. 974 and as late as A.D. 1100. There were specific years (cutting dates) when beams from one source area (Chuska Mountains) were incorporated into two great houses (e.g., A.D. 1037: Pueblo Bonito and Pueblo del Arroyo). Likewise, there were specific years when beams from the two sources (Chuska and San Mateo mountains) were incorporated into one great house (e.g., A.D. 1049: Pueblo Bonito). At Pueblo Bonito, one room (room 86) incorporates wood from both the San Mateo and Chuska mountains cut in A.D. 974.
Discussion
Previous workers have speculated that early depletion of wood nearby drove selection of sources, either from local to distant stands or conceivably from one mountain to another (2, 4-6, 9, 10). The 87 Sr͞ 86 Sr evidence shows, however, that both the San Mateo and Chuska mountains were providing fir beams in the early construction phases of the great houses such as Pueblo Bonito (A.D. 974). This early reliance on distant sources could have ecological as well as cultural reasons.
Architectural timber at Chaco Canyon included a high proportion (Ϸ50%) of fast-growing and straight saplings to be used as secondary roof beams (4) (5) (6) 9) . Conifer saplings are most common at higher elevations where climatic conditions favor more frequent regeneration, and wetter conditions reduce natural fire frequencies and associated sapling mortality. Modern forests at lower elevations may not be representative of Precolumbian ones. Heavy grazing by European livestock reduced the fine fuels necessary to sustain episodic surface fires. In Chacoan times, ponderosa pine forests at low to middle elevations would have been open and even-aged, composed of few young trees and many mature ones with thick, protective bark (21) (22) (23) . Hence, ponderosa pine stands within 50 km of Chaco Canyon may not have provided the large numbers of small trees required for construction of the great houses. Certainly, at the height of construction in Chaco Canyon (i.e., 11th century), the crests of the Chuska and San Mateo mountains would have been ideal sites for logging a great variety of conifer species and size classes. The Anasazi may have focused on both mountain ranges because no single forest could satisfy the builders' need for small trees of particular species and dimensions (i.e., cohort).
Timber sources may have been determined by pre-existing sociopolitical ties between Chaco Canyon and outlying communities at the base of the Chuska and San Mateo mountains. The paucity of Chacoan ''outliers'' or roads east of Chaco Canyon (1) may explain why the San Pedro-Nacimiento mountains were never logged, despite being the same distance from the canyon as the other mountain ranges. Alternatively, pre-existing ties to specific resources may have influenced the placement of certain outlying communities and the destinations of major Chacoan roads, putting a permanent stamp on the configuration, direction of growth, and extent of the Chacoan regional system (2). Chacoan outliers within a few hours' walk of the San Mateo or Chuska mountain forests were well positioned to regularly harvest, cure, and stockpile timbers. The synchronous overlap of beams from both sources within and across great houses further suggests that timber procurement and transport was part of a regional system for acquiring a variety of resources including timbers, raw material for chipped stone, pottery, and turquoise. The synchroneity of cutting dates from different mountains could signify a specific demand and supply tied to episodic construction. Coincidence of construction periods at Pueblo Bonito with wet decades suggests that additions to the great houses were driven by food surpluses (4, 5) . On the other hand, climate variability tends to synchronize tree recruitment across hydroclimatic areas in the southwestern United States and produces conspicuous cohorts shared among separate mountain ranges (e.g., 1919 for ponderosa pine) (24) . The flurries in construction could be tied to maturation of a regional tree cohort into ideal dimensions for architectural use.
Conclusions
Thousands of beams of potentially known cutting date, species, source, and architectural function illuminate the scale and complexity attained by the Chacoan system. The architectural planning and vast distances involved in procuring Ϸ200,000 beams testify to the system's geographic scope and organization. Rather than one timber source being constrained to a particular construction phase or great house, both sources occur contemporaneously regardless of generation or great house. This reflects the Chacoans' ability to organize large intercommunity labor forces to extract timbers from distant mountains or to motivate the inhabitants of the resource areas to acquire timbers for use in Chaco Canyon. Finally, 87 Sr͞ 86 Sr ratios in modern trees constitute a surprisingly well-behaved isotopic system. We found little scatter in isotopic ratios among individual trees or different species in the same stand and surprisingly little scatter among stands within a given mountain range. Tree 87 Sr͞ 86 Sr ratios in the San Pedro Mountains vary little despite growing on three different substrates (granite, limestone, and sandstone). This probably reflects the overriding influence of local and regional atmospheric dust sources of strontium, which trees integrate into wood over decades to centuries. We suggest that 87 Sr͞ 86 Sr ratios in atmospheric dust vary on geographic scales perhaps closer to tens than hundreds of kilometers. This subregional-scale variability should be sampled systematically and could abet future use of 87 Sr͞ 86 Sr ratios to trace the provenance of other botanical resources in the Chacoan redistribution system, be they pine logs or corn cobs.
